When our eyes are tracking a target that is moving in front of a structured background, global motion of equal speed is induced in the opposite direction. This effect has been termed reafference, which, astonishingly, does not significantly affect the execution of such pursuit eye movements. Employing brief and unexpected injections of full-field motion during ongoing human smooth pursuit, we demonstrate that the sensitivity for full-field motion is reduced strongly in the direction opposite to the eye movement, i.e. the direction of reafferent background motion. Our experiments further characterize this asymmetry in visual motion processing and provide a preliminary explanation for the accuracy of the pursuit system despite self-induced motion.
Introduction
The analysis of smooth pursuit eye movements (SPEM) has been used very successfully in the elucidation of basic mechanisms of visual motion processing, since they can only be executed in the presence of a moving target. However, most of the SPEM studies were performed using a highly artificial setting, e.g. presenting a single light spot moving in front of a homogeneous, dark background. Under natural circumstances, though, the target moves in front of an abundantly structured visual environment, which slips off in the opposite direction as soon as the eyes follow the object of interest. This self-induced retinal image motion of a structured background was termed reafference (von Holst & Mittelstaedt, 1950) . Surprisingly though, the reafference produces only minor effects on SPEM: prolonged latency of pursuit onset (Mohrmann & Thier, 1995) , modest reduction in initial eye acceleration (Kimmig, Miles, & Schwarz, 1992; Masson, Proteau, & Mestre, 1995) , and weak reduction in steady state SPEM gain (Yee, Daniels, Jones, Baloh, & Honrubia, 1983; Collewijn & Tamminga 1984) .
It is generally believed that the processing of local motion is relevant for the identification and tracking of moving objects, whereas global motion processing is important for gaze stabilization reflexes and the analysis of ego-motion (Ilg, 1997 , for a review). The emerging question is why the reafference does not activate the stabilizing, optokinetic reflex, which, in turn, would result in a reduction or even complete disintegration of pursuit velocity. Schwarz and Ilg (1999) and Suehiro, Miura, Kodaka, Inoue, Takemura, and Kawano (1999) recently proposed a possible answer to this conundrum. They reported a marked asymmetry in the sensitivity of SPEM to brief and unexpected movements of a structured background: shifts of the visual surroundings in the opposite direction of a moving target did not affect ongoing SPEM, whereas shifts in the same direction resulted in a considerable modulation of pursuit eye velocity. Here, we attempt to further characterize this asymmetry as a potential mechanism to maintain accurate SPEM despite reafferent global motion input.
Methods

Paradigms
In three different experiments we investigated the influence of a moving structured background on the execution of SPEM with respect to the direction of background motion (Experiment 1), background velocity (Experiment 2), and the separation of object and background in depth (Experiment 3). In each of these experiments we used a ramp-paradigm: after a variable period of fixation, a pursuit target started to move horizontally in front of a structured background. Both the fixation and the pursuit target appeared always in the center of the screen and could easily be discriminated from the background either by texture (Experiments 1 and 3) or luminance and color cues (Experiment 2). Target motion was kept constant at 11°/s (rightward or leftward) in all conditions and lasted for 800 ms (Experiment 1) or 1000 ms (Experiments 2 and 3). The structured background consisted of 300 (Experiment 1) or 400 (Experiments 2 and 3) bright and randomly distributed texture elements (Table 1 for details) and was present throughout the entire trial. Two hundred milliseconds after the onset of target motion, the background pattern started to move in a randomly selected direction at a constant velocity for 200 ms and remained stationary until the end of the trial. The 200 ms stimulus onset asynchrony (SAO) of the background was chosen to make sure that SPEM were already initiated when the background started to move. Since the direction of background movements was random and additional control trials (see below) were applied, subjects could not possibly anticipate the movement of the background.
In Experiment 1 we randomly varied the direction of background motion between trials along the cardinal axes (0, 90, 180, and 270°) while the velocity of the background shift was 22°/s in all conditions. It should be stressed that the direction for both target and background movements was specified with respect to the screen. Hence, any vertical background shift (on the screen) did result in a retinal slip with a vertical but also a counter-phase horizontal component, when the eye was following the horizontal target path. In Experiment 2 the background motion was restricted to horizontal directions while background velocities were randomly varied among 5.5, 11, and 9 22°/s. Negative velocities indicate that the background was shifted opposite to the direction of the pursuit target.
Finally, in Experiment 3 target and background were separated in depth by adding disparity cues. Subjects always fused the target, which was already presented with 0.5°uncrossed disparity. To make the background pattern appear either in or behind the plane of target trajectory uncrossed disparities of 0.0°(same plane), 0.2 or 0.4°were added to the background. Dichoptic presentation was realized by the use of red and green filter glasses and additional gray-filters to adjust the luminance of the red and the green. The small range of disparities was chosen to ensure that subjects did not have difficulties in fusing the two images. Background motion (9 22°/s) again was applied only in the horizontal directions.
In addition, control trials, which consisted of: (1) pursuit across a homogenous dark background ('no background', Experiments 1-3); and/or (2) a stationary structured background (Experiment 3), were applied at random in each of the three experiments. ipated in Experiment 1, only. All subjects were instructed to pursue the target as accurately as possible and were familiarized with the experimental procedure before each run. An i486 computer was used for the control of the paradigms and data acquisition. The analog eye position data were low-pass filtered (500 Hz) and stored on disk (sampling rate 1 kHz). Visual stimuli were generated by a second i486 computer and were presented either by back-projection onto a translucent tangent screen or by a computer monitor as specified in Table 1 .
Data analysis
All data processing was performed off-line using a commercial software package (MATLAB 5.3, The MathWorks Inc., Natick, MA). First, we applied a digital low-pass filter to the eye position data (6th order butterworth; cut-off frequency 50 Hz). Less than 1% of eye traces obtained by the IR oculography showed artifacts due to eye blinks. These trials were excluded automatically from further analysis by an eye position criterion. Subsequently, eye velocity and acceleration were obtained by differentiation of the eye position data, using a digital filter technique. Based on an acceleration threshold (experiment 1: 500°/s 2 ; experiment 2 and 3: 800°/s 2 ), saccades were detected automatically. Post-saccadic eye velocity as well as the resulting pursuit gain was determined within a time window of 10 ms immediately after the initial saccade. For further processing, SPEM velocity was linearly interpolated during saccades.
Brief injections of background motion caused a transient modulation of eye velocity. To quantify this effect for each response profile, we employed a timedomain cross-correlation technique, which offers the advantages of: (1) being independent of gain (as derived from the absolute magnitude of eye velocity) and peak latency differences between single trials as well as subjects; and (2) preserving the temporal aspect of the modulation. In contrast, using more traditional approaches, such as averaging of individual responses within conditions, could have severely distorted the magnitude of the modulation. Fig. 1 illustrates the procedure: The cross-correlation between a saccade-free, baseline corrected single eye velocity profile in a 400 ms interval immediately following the initial saccade and one cycle of an inverted cosine function (period 200 ms) is derived. Baseline correction consists in removal of the continuous linear trend of each 400 ms epoch and serves the purpose to eliminate additional differences in the individual SPEM performance during tracking of the target. Since the temporal profile of the modulation is preserved, the peak latency can easily be calculated.
Experimental setup
For technical reasons, the experiments had to be carried out in two different laboratories (see Table 1 for their relevant features). However, there were no qualitative differences in the results obtained between the two laboratories.
The subject's left eye position was measured using either the magnetic search coil technique (Robinson, 1963; Collewijn, van der Mark, & Jansen, 1975) or an infrared (IR) eye tracker (Pfaltz & Richter, 1956 ). In accordance with the regulations for the use of search coils, an experimental session never lasted more than 30 min. We used a total of seven naive subjects and two authors (age 20-42 years). All of them gave informed consent and had normal or corrected-to-normal vision. For each experiment, eye movements of five subjects were recorded. One of the authors (AL) participated in all three experiments, author US partic-It is important to note that the latencies of the initial saccades, which occurred in every single trial, statistically did not differ for the various background conditions, but did vary among subjects (P background \0.05; P subject B 0.05; two-factorial ANOVA).
Results
Experiment 1
By applying brief shifts of a structured background in four different directions during continuing SPEM, we examined the dependence of the eye velocity modulation on direction. Background movements were applied either upward, downward, in-phase or counter-phase with respect to the horizontally moving pursuit target. Every experimental and the control conditions were measured 30 times in randomized order. Fig. 2 shows the median horizontal and vertical eye velocity traces of subject TH for background movements in four cardinal directions and the control with no background during the execution of rightward SPEM. As in the following figures, the median eye velocity was calculated over de-saccaded trials without velocity interpolation and if at most in 50% of trials a saccade had been detected. This illustration was chosen to demonstrate the low frequency of catch-up saccades as well as the minor temporal jitter in the latencies of the initial saccades. Note, that the quantitative analysis was performed on single trials, in which eye velocity during the very few catch-up saccades was interpolated linearly.
After the initial saccade, a background related modulation of horizontal eye velocity was present only for in-phase but not for counter-phase or vertical (resulting in a counter-phase horizontal retinal slip) background motion conditions ( Fig. 2A) . In contrast, modulations in vertical eye velocity can be observed only for downward and upward background shifts (Fig. 2B) . Since the pursuit target moved horizontally, any modulation of the vertical eye velocity was centered on 0°/s, whereas any modulation of the horizontal channel was first centered at target velocity (11°/s) but soon decreased, as subjects often anticipated target motion offset at 800 ms.
It can also be seen that there were no differences in the pre-saccadic initiation of SPEM, as the median velocity profiles obtained by the four directions of background motion as well as control condition were nearly identical showing the robustness of our data. In addition, the background movements did neither affect the latency or the amplitude of the initial saccade nor post-saccadic eye velocities. This underlines the machine-like pursuit answers to the ramp-paradigm, which did differ with respect to the background induced modulation of eye velocity, only.
The modulation of eye velocity was assessed by cross-correlating the eye velocity traces with a cosine function (see Methods). The resulting maximum values of each subject, indicating the individual modulation strength, are shown in Fig. 3 .
For the horizontal eye velocity (Fig. 3A) , only the values of the cross-correlation function for in-phase background movements were significantly different from the control condition with no background (ANOVA with subsequent Scheffé test). As, with respect to our type of analysis, the modulation of eye velocity did not significantly differ for the stationary structured background and the no background controls (P\ 0.05; ANOVA), only data of the latter control condition are presented. For the vertical eye positions Fig. 2 . In (A) the outline of the experiments is sketched. Subjects were asked to track the horizontally moving target (asterisk) while the background moved in one of the four cardinal directions as indicated by the different line styles, which are used in all panels. (B) and (C) show the median horizontal and vertical eye velocity profiles of subject TH, respectively. For clarity, those background conditions, which differed from the control with no background, are additionally labeled. Note, that if saccades occurred in more than 50% of the trials, the velocity traces were blanked. Fig. 3 . Maximum values obtained by the cross correlation technique for horizontal (A) and vertical (B) modulations of the eye velocity for five subjects. For reasons of simplicity, the standard deviations are shown for one subject only. The filled circles show the data from one of the authors (AL), the filled triangles give the data from subject TH whose eye velocity profiles were shown in Fig. 2 . For each subject, we used an ANOVA with subsequent Scheffé test to detect whether the values obtained in a specific condition were significantly different from the no background condition (*** P B0.001; ** P B0.01, * P B 0.05). (C) shows a polar pot of the mean modulation maxima and their error as well as the controls. Values that differed significantly from the no background condition are additionally labeled (see (B), n.s. not significant; paired t-test).
The latencies of the peaks of modulation with respect to background motion onset are shown in Table 2 . The small range of the 95% confidence intervals (CI) clearly shows that the modulation was time-locked to the onset of the background motion, which was demonstrated earlier more extensively by varying the SOA of the background (Schwarz & Ilg, 1999) . However, a tendency, albeit minute, of shorter latencies for horizontal background movements was statistically significant in two of five subjects marked by ** in Table 2 (PB 0.01; ANOVA and Scheffé test).
Finally, we calculated a modulation index (MI) defined as the mean maximal cross-correlation value normalized to the cross-correlation obtained by the control trials (pursuit across a homogeneous, dark background). This MI allowed us to average across subjects and to visualize a background induced modulation more easily as an upward deviation from unity (Fig. 4) .
For horizontal movements, only the MI obtained for in-phase background movements produced a statistically significant modulation (h 0 : mean \ 1, PB 0.01, t-test). For vertical movements, this was true for both upward and downward background movements (h 0 : mean\ 1, PB 0.05, t-test). In addition, the modulation obtained by upward background movement was significantly larger compared to the modulation obtained by downward movement (PB 0.
05, paired t-test).
It must be stressed that the large values of MI for orthogonal directions in Fig. 4 compared to the values of the cross-correlations shown in Fig. 3 are due to the very small cross-correlation control values in the vertical channel. Since the direction of the executed pursuit eye movements was horizontal, the vertical eye velocity channel did not show pursuit-related modulations in eye velocity.
These results clearly suggest that only the response to background movements opposite to the ongoing SPEM, i.e. the direction of the self-induced retinal image motion, was suppressed since a modulation of horizontal eye velocity was present for in-phase background motion as well as of vertical eye velocity during orthogonal background movements.
Experiment 2
To further elucidate the frame of reference of the asymmetric SPEM sensitivity to background motion, we varied the background velocity in order to create a condition with background movement in the same direction but slower than the moving target. In latter case, during steady-state SPEM the direction of the background motion would be in opposite direction to the eye movement within a retinal frame of reference, whereas an external, allocentric frame of reference would signal motion in the same direction as the ongoing eye movement. Thus, background velocity was (Fig. 3B) , upward and downward background movements provided cross-correlation values similar to those of the in-phase condition and significantly different from the control (ANOVA and Scheffé test). Fig. 3C summarizes the effects of both, horizontal and vertical background motion, in a polar plot. varied among 5.5, 11, and 922°/s, while target velocity was always 11°/s. To keep the overall number of trials for the different experiments constant and to prevent fatigue, we only recorded 20 trials for each condition and restricted the control to the no background condition in this and the following experiment (Experiment 3). Fig. 5 depicts the median eye velocity profiles during the execution of rightward SPEM of a typical subject. In the counter-phase condition, the eye velocity profiles obtained for each background velocity were quite similar to the profile obtained in the no background condition. However, in the in-phase condition, only the profile obtained by the high background velocity showed a clear background induced modulation of its velocity profile. Note that the background movements did not change the eye velocity immediately after the initial saccade (Fig. 6C ) and were smaller than unity in all conditions. Again, we quantified the data by the maximum value of the cross-correlation function for each subject (Fig.  6A) and the MI for a group-analysis (Fig. 6B) . The statistical tests applied to the cross-correlation maxima revealed that only values obtained in the + 22°/s inphase condition differed significantly from the no background control. Moreover, an ANOVA proved that the background velocity significantly affected the MI. The results of the subsequent post-hoc tests demonstrate that the MI obtained by the background moving at + 22°/s in-phase was significantly different from the MIs obtained in all other conditions (multiple statistical comparisons are shown in the Table included in Fig.  6B ).
Since there was no modulation of the in-phase, + 5.5 and + 11°/s conditions (h 0 : mean " 1, P \ 0.05, ttest), it can be concluded that background motion was not processed within an allocentric or external frame of reference.
Experiment 3
In a third experiment we examined whether stereoscopic depth might contribute to the separation of local and global motion processing. To make the background appear either in or behind the plane of the pursuit target, we used a dichoptic stimulus presentation by means of red and green filter glasses. The median eye velocity profiles for rightward SPEM and in-and counter-phase background movements at three different disparities are shown in Fig. 7 .
The velocity profiles obtained by three different background disparities did not differ: the in-phase movement conditions elicited modulation of eye velocity, whereas the counter-phase movement conditions did not. Note that there was an accumulation of catchup saccades in some conditions at the time of the modulation. However, since we did interpolate the sac- Fig. 4 . MI values for horizontal (A) and vertical (B) modulations, normalized with respect to values obtained without background average across all subjects. Bars show the standard error of the means. To test whether the values were different from unity, we used a t-test. Additionally, a paired t-test revealed that the difference for up-and downward motion in (B) was also significant (PB 0.05). posite direction caused by a tracking eye movement, i.e. self-induced retinal image motion, this mechanism may prevent the pursuit system from being corrupted by the powerful optokinetic reflex.
Adaptations to reafferent retinal image motion
Our data imply a simple yet powerful mechanism of the visual system to selectively discard reafferent, i.e. cades by a linear regression, the saccades only marginally affected the maximal values of the cross-correlation function and the MI values. Again, the quantitative data obtained from the cross-correlation for each subject and MI values of all subjects averaged are depicted in Fig. 8 .
The modulation of eye velocity obtained by the background movements in the three different depth planes are very similar and indicate that the separation in depth does not affect the sensitivity of SPEM to global motion in our experiments.
Discussion
The results presented here suggest that the observed asymmetry in the background-induced modulation of eye velocity during the execution of SPEM was attributable to an adaptation of the sensitivity for global motion during the course of evolution. In particular, during naturally occurring full-field motion in the op- Fig. 7 . Median eye velocity traces of subject MW obtained by backgrounds at different relative disparities moving in-phase (A) and counter-phase (B) with respect to the direction of the pursuit target (see Fig. 2 for further details).
that the modulation of eye speed obtained by upward motion was larger compared to downward motion of the background. This is similar to a well-known asymmetry in the optokinetic system where upward motion also yielded a larger eye velocity gain compared to downward motion (van den Berg & Collewijn, 1988) . This vertical asymmetry seems to reflect the fact that forward locomotion in a natural environment produces a highly asymmetric looming flow field: the poorly structured sky produces only a weak upward component in the optic flow, whereas the richly structured ground accounts for the majority of the flow signal. Therefore, the predominant downward component might have become the drive for adaptation during the course of evolution.
Comparison to ocular following responses
It was shown in rhesus monkeys (Kawano & Miles, 1986) as well as in human subjects (Gellman, Carl, & Miles, 1990 ) that brief injections of global motion self-induced, retinal image motion. For simple geometrical reasons, execution of SPEM in a real-world environment invariably induces a reverse global shift of its many features on the retina. Global motion, on the other hand, immediately initiates the gaze stabilizing, optokinetic reflex, which potentially could cancel the ongoing SPEM. The results obtained from these experiments support the hypothesis that the pursuit system may solve this dilemma by quickly and differentially adjusting local and global motion sensitivity during its execution: at the onset of pursuit, local motion sensitivity is increased compared to fixation (Schwartz & Lisberger, 1994) , whereas during sustained pursuit, the sensitivity for global motion opposing the direction of tracking is annihilated. The outcome of this immediate change in sensitivity provides the basis for the robustness of the SPEM despite self-induced global motion.
A second indication of an evolutionary adaptation to real-world visual conditions is revealed by the finding immediately following a saccade yielded a machine-like behavior dubbed ocular following response (OFR) with latencies typically shorter than 100 ms. Furthermore, varying the delay between the end of the saccade and the onset of the global motion resulted in distinct changes in the magnitude of the OFR.
Since we applied brief background movements approximately at the time when the initial saccade occurred during initiation of SPEM, one could speculate that the modulations obtained in our experiments reflected the OFR, and that their variations in magnitude could for instance be explained by differences in saccade latencies yielding different delays between the end of the saccade and the motion onset.
However, at least four distinct features indicate that the modulation of the eye velocity in our experiments was different from the OFR: First, there was no systematic change in saccade latency in the various experimental conditions (see methods). Second, the OFR itself was not reported to be asymmetric with respect to the direction of the motion injected or the direction of the initial saccade. Third, we already showed that the modulation was independent of the initial saccade by applying global motion at various SOAs between 50 and 200 ms (Schwarz & Ilg, 1999) . Fourth, the OFR was shown to be sensitive for disparity (Busettini, Masson, & Miles, 1996) , which we did not observe (Section 3.3).
Insensiti6ity to differences in disparity
It was previously shown that the effect of a structured background on SPEM was reduced by separating target and background in depth (Howard & Marton, 1992) . The optokinetic reflex could only be elicited if the vergence angle of the two eyes was fixed to the plane of the stimulus (Howard & Simpson, 1989 ). An explanation for the observed insensitivity of the modulation to disparity cues shown in this study might consist in the different epochs of analysis: as our background movements lasted only for 200 ms, we registered almost an open-loop response, whereas the above-mentioned studies clearly emphasized the effect of disparity on steady-state eye movements.
Motion processing and its frame of reference
We obtained a clear modulation of eye velocity by background shifts in the same direction as the target only if background motion was faster than the pursuit target itself. This indicates that the asymmetry in motion processing was not due to processing within an external frame of reference. It is assumed that motion in the external world can simply be recovered by adding retinal image velocity and a non-visual eye velocity signal (von Holst & Mittelstaedt, 1950) . To date, studies have indicated that the observed sensitivity to global motion refers to an exclusive visual frame of reference, thus, the direction of the retinal image slip of the background itself might be responsible for the observed effects. This assumption can be discarded for the following reason: we applied background movements quite early during pursuit initiation, yet the eye velocity did not reach target velocity (see Fig. 6C for post-saccadic gain values smaller than unity). In the condition where background velocity was identical to target velocity, the resulting retinal image movement of the background was non-zero, but there remained retinal image slip in the direction of the eye movement. Since no modulation occurred in this condition, it indicates that relative motion between background and target, rather than retinal image slip, determined the observed asymmetry. The importance of relative background motion has been acknowledged: a stationary spot embedded in a moving background seems to move in the opposite direction (induced motion: Duncker, 1929) .
Our results emphasize the difficulty in fully comprehending SPEM and the related processing of visual motion if the scope of analysis is too limited. Neither the analysis of isolated target motion nor the analysis of isolated background motion is sufficient to explain the observed effects. Only the careful examination of concurrent local and global motion will yield a clearer understanding of the processing underlying goal-directed behavior.
